Rat fetuses exhibit intrinsic fluctuations in general motor activity and respond to an artificial nipple (AN) with mouthing and oral grasping behavior. The present study examined the relation between the organization of general activity and the expression of these specific responses to an AN on Embryonic Day 21. In Experiment 1, continuous exposure to the AN resulted in nonspecific behavioral activation characterized by an increase in amplitude and high-frequency variability. In Experiment 2, increased amplitude and variability in general activity preceding discrete presentations of the AN resulted in more mouthing and oral grasping responses to the AN. These results suggest that presentation of the AN triggers behavioral reorganization in which the level and variability of overall activity may facilitate expression of well-defined action patterns.
behavioral science. Research on both spontaneous activity and behavioral responsiveness to multiple forms of stimulation in the fetus has yielded a greater appreciation of the complexity of fetal behavior and the role that the fetus plays in its own development . Whereas advances in real-time fetal monitoring devices (e.g., ultrasound imaging) have permitted both quantitative and qualitative views of activity in the human fetus (de 'Cries, Visser, & Prechtl, 1982 , 1985 , methodological advances in the investigation of other mammalian fetuses (e.g., rodents and sheep) have allowed direct observations of fetal behavior and the opportunity for experimental manipulations. One animal model that has proven to be highly accessible for developmental psychobiological investigations is the fetal rat (Smotherman & Robinson, 1987b , 1991 . Narayanan, Fox, and Hamburger (1971) provided the first comprehensive investigation of motility in the fetal rat. They reported that spontaneous movement appeared randomly intermittent and aimless in that it lacked resemblance to the integrated action patterns characteristic of postnatal behaviors (Narayanan et al., 1971) . Recent investigations of fetal activity in the rat have involved more sensitive measures, and these studies have used both quantitative and qualitative analyses and have established evidence for temporal and spatial organization of spontaneous activity (Bekoff & Lau, 1980; Robinson & Smotherman, 1987; Smotherman, Robinson, & Robertson, 1988) . The development of speciestypical behavioral patterns in respo.nse to sensory stimulation also has been documented (Robinson et al., 1992; Smotherman & Robinson, 1987a) . It has been suggested that the randomness of spontaneous activity early in gestation is replaced by progressive levels of organization, thus forming the foundation from which postnatal behavior is built .
The development of motor synchrony in the fetal rat is one of the earliest forms of organization, with an increase in synchronous movements among different body regions during the last days of gestation (Embryonic Days 18-21 [E18-E21]; Robinson & Smotherman, 1992b) . The spontaneous activity of the fetus during late gestation also exhibits a considerable degree of temporal organization. Cyclic motility similar to that described in the fetal human (Robertson, 1985) and sheep (Robertson & Bacher, 1995) has been documented in the fetal rat on E20 . Highly organized motor activity in the fetal rat is expressed in response to sensory stimulation. During the last days of gestation, presentation of both chemosensory and tactile stimuli reliably elicits coordinated responses in the fetal rat, including components of contact righting, stepping, punting, suckling, and grooming behaviors (Robinson & Smotherman, 1992a) .
Organization in fetal motor activity has been documented, but little is understood about how variation in motor activity may affect responses to stimulation during behavioral development. The aim of the present study was to examine how the temporal organization of spontaneous activity is related to the expression of organized responses to an artificial nipple (AN) that approximates the features of the lactating female rat's nipples. Tactile stimulation around the perioral region by an AN reliably elicits mouthing and licking of the AN that leads to expression of the oral grasp response. This collection of motor patterns resembles components of postnatal suckling behavior (Robinson et al., 1992) . The present study recorded the motor activity of the E21 rat fetus. Comparisons between unmanipulated fetuses and fetuses continuously exposed to the AN provided information about how AN stimulation changed the overall organization and variability of motor activity across time. Analyses within fetuses exposed to multiple, discrete presentations of the AN determined whether different properties of motor activity could predict the response elicited by the AN. and partly submerged in a temperature-regulated (37 _+ 0.5 °C) water bath containing an isotonic saline solution. A low midline laparotomy was performed, and the uterus was exteriorized into the surrounding bath. A 20-min acclimation period was allowed after which individual fetuses were delivered through a small incision in the uterine wall and the amniotic and chorionic membranes were removed. No more than 2 fetuses from a female were tested. When 2 subjects were used, they were assigned to different treatment conditions.
Fetal subjects remained submerged in the saline bath with the placental and umbilical attachments intact and were supported by a plastic spoon during testing. The condition of the fetus was monitored continuously throughout the experiment, and only those fetuses that maintained a healthy coloration (indicating sufficient oxygen supply) were used as subjects. All experimental trials took place between 0900 hr and 1200 hr. At the conclusion of an experiment, adult females and fetuses were humanely killed by rapid cervical dislocation. These methods have been used extensively in previous studies of fetal rat behavior (Smotherman & Robinson, 1991) .
Recording of Gross Motor Activity
A recording electrode was constructed from the shank of a 25-gauge needle attached to a copper wire (diameter: 0.15 mm). The electrode was implanted under the skin on the midline of the subject's back when the subject was externalized from the uterus and surrounding membranes (20 rain before the start of the test session). The electrode was connected to a custom-made, high-gain instrument amplifier. Movement detected by the electrode was sampled at 15 Hz and digitized on-line throughout the experimental session. This recording system provides a measure of overall fetal motor activity. This measure of overall motor activity was collected continuously during the test session. Data were collected for a 30-rain period unless fetal or maternal health became compromised (e.g., poor fetal coloration, placental rupture, or uterine bleeding). Only data from healthy fetuses were included in analyses.
General Method

Subjects
Fetal subjects were the offspring of time-mated Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA). Breeding females were housed in groups of 3 in plastic breeding cages (36 × 47 x 20 cm) and maintained under conditions of constant room temperature (22 °C) on a 12-hr light-dark cycle (lights on at 0700). Food and water were available ad libitum. Daily vaginal smears were taken during a 4-day breeding period to identify the date of conception; E0 was defined as the 1st day of detectable sperm (birth occurs on E21.5). Procedures for the care and use of adult and fetal rats were in accordance with the guidelines established by the National Institutes of Health (1986).
Preparation of Pregnant Females and the Fetal Environment
On E21, pregnant females were placed under light ether anesthesia so that a chemomyelotomy could be performed. Females received an injection of 70 lal 100% ethanol into the spinal cord between the first and second lumbar vertebrae. This procedure produces an irreversible spinal blockade in the lower thoracic and lumbosacral regions (Smotherman, Richards, & Robinson, 1984) . The prepared female was placed in a Plexiglas holding apparatus
Presentation of the AN and Recording of Mouthing and Oral Grasping Responses
The AN was fashioned from soft vinyl material with dimensions similar to those of a lactating female rat's nipple. The base of the AN was attached to a handle allowing manual presentation by the experimenter. Presentation of the AN consisted of continuous, gentle contact with the perioral region. Movement of the AN was limited to small adjustments to maintain contact between the AN and the perioral region of the subject fetus. Movement of the AN did not cause the fetus to be moved or create fluid currents. No attempt was made to force the tip of the AN into the mouth of the subject (Robinson et al., 1992) .
A video camera (Canon Super Macro AF 6-60 mm) positioned 65 cm directly above the fetal subject provided a video record (at 30 frames per second) of the experimental session. The video record was synchronized with the recording of overall fetal activity. The video recordings were coded for mouthing and the oral grasping responses. Mouth movements consisted of the opening and closing of the mouth in response to the AN presentation. A mouth movement was coded when it occurred in at least two consecutive video frames. Mouth movements that occurred within 2 s of one another (i.e., the end of one continuous mouthing movement was followed by the onset of another continuous mouthing movement in less than 2 s) were coded as a single mouth movement. The oral grasp response consisted of the mouth opening, the AN entering the oral cavity, and the mouth closing around the tip of the AN (Robinson et al., 1992) .
Experiment 1: Continuous Presentation of AN
In Experiment 1, E21 rat fetuses received a continuous presentation of the AN. Overall motor activity was analyzed to determine the effects of continuous perioral stimulation from an AN on the amount, variability, and temporal organization of spontaneous motor activity.
Method
Subjects and procedure. Twenty-nine fetuses from 22 pregnancies were assigned to one of two conditions. Fetuses in the unmanipulated condition (n = 14) were not exposed to the AN. These control fetuses provided baseline information on the amount, variability, and temporal organization of spontaneous motor activity. Fetuses in the continuous presentation condition (n = 15) were exposed continuously to the AN.
Data analysis.
Before any analyses of the activity time series, a moving minimum calculated over a 5-s window was subtracted from the unprocessed data to remove baseline instability. The resulting time series was integrated in nonoverlapping 2-s windows (Robertson et al., 1996) . The average level of activity was calculated for each subject. The average of the absolute values of the point-to-point differences (2-s windows) in the activity time series was calculated to provide a measure of variability.
As a means of measuring the temporal characteristics of overall activity more precisely, the data from each fetus were integrated over a 1-s window and then spectral analyzed to identify and quantify cyclic organization. The activity time series was detrended, and the Fourier transform of the autocorrelation function was calculated with an algorithm written by Jenkins and Watts (1968) . A Tukey lag window with a bandwidth of 0.32 cycles per minute was used. Computed this way, the movement spectrum provides statistically stable estimates of the relative strength of periodic fluctuations occurring at different frequencies. The proportion of movement variance within a given frequency band is computed by the area under the movement spectrum between the two frequencies. Cyclic organization was inferred from a peak in the movement spectrum exceeding the upper 99% confidence limit of white noise. This analysis has been used in previous investigations of the cyclic properties of spontaneous activity (Robertson, 1985; . Four measures of cyclic organization were computed for each activity spectrum that contained a significant peak: (a) The frequency of the largest peak indicated the dominant rate of oscillation in overall activity; (b) the height of the largest peak indicated the strength of the dominant oscillation in activity; (c) the width of the largest peak at its half-maximum point indicated the irregularity of the dominant oscillation; and (d) the proportion of variance due to fluctuations greater than 3 cycles per minute was derived by computing the area under the activity spectrum above 3 cycles per minute.
Resul~
The lengths of the experimental sessions (mean + standard error of mean) were similar in the unmanipulated (28.1 ___ 1.3 min) and continuous AN exposure (26.7 + 1.7 min) conditions. There were small decreases (approximately 10%) in overall activity in both groups between the first and second halves of the experimental session: unmanipulated condition, 33.8 ___ 4.0 versus 30.1 __+ 2.7, t(13) = 1.42, p = .18, and continuous AN exposure condition, 63.7 4-6.1 versus 57.8 _ 5.9, t(14) = 3.11,p = .008.
Overall activity was higher in the continuous exposure condition than in the unmanipulated condition, t(27) = 4.14, p < .001 (see Figure 1, top) . The average absolute point-topoint difference in activity also was greater in the fetuses continuously exposed to the AN than in the unmanipulated fetuses, t(27) = 3.38, p = .002 (see Figure 1, bottom) .
Spectral analysis revealed cyclic fluctuations in the activity of all fetuses in both conditions, indicated by the presence of a significant peak in the spectrum. Activity time series and spectra from 2 fetuses (1 in the unmanipulated condition and 1 in the continuous exposure condition) are shown in Figure 2 . Fetuses in the continuous exposure condition exhibited faster dominant oscillations in activity (3.66 _ 1.25 cycles per minute) than unmanipulated fetuses (1.00 _+ 0.23 cycles per minute), t(27) = 2.03, p = .05 (see Figure 3 . Means (+_SEM) for the frequency, height, and width of the primary peak in the activity spectmrn, along with the proportion of variance due to fluctuations faster than 3 cycles per minute (cpm), for control fetuses and fetuses continually exposed to an artificial nipple (AN).
(linear or quadratic relation) to the rate of mouthing or oral grasping (all p values >-.09).
Discussion
The average absolute point-to-point difference, as well as the results of the spectral analysis, revealed that continuous presentation of the AN increased the high-frequency fluctuations of activity. In addition, AN exposure increased the level of activity, which is consistent with reports of increased activity resulting from shorter periods (1 min) of AN exposure (Becker & Smotherman, 1996) . None of the changes in motor activity induced by continuous presentation of the AN were attributable to mouthing and grasping. Taken together, these results suggest that continuous presentation of the AN triggers nonspecific behavioral activation characterized by an increase in the level and high-frequency variability of overall motor activity.
Experiment 2: Discrete Presentations of the AN
In Experiment 2, E21 rat fetuses received discrete presentations of the AN. The 30-s periods preceding presentations that resulted in no response, mouthing without grasping, or oral grasping were compared. On the basis of the results of Experiment 1, the analyses in the second experiment focused on the level of and variability in overall activity.
Method
Subjects and procedures. Fourteen fetuses from eight pregnancies were tested. A 4-min period at the beginning of the session during which there was no AN exposure was used to estimate baseline activity level for each subject. On-line analysis of overall activity signaled the experimenter to present the AN when activity (2-s moving average) was in the lower third of the baseline range for 5 consecutive seconds and 45 s had elapsed since the end of the preceding AN presentation. Presentation of the AN when activity was low permitted immediate contact between the AN and the perioral region of the test subject and controlled the level of activity at the moment of AN presentation. Each discrete presentation of the AN lasted for 15 s. Figure 4 depicts the experimental time line.
Data analysis. As in Experiment 1, a 5-s moving minimum was subtracted from the unprocessed data to remove baseline instability, and the time series was then integrated in nonoverlapping 2-s windows. For the 30-s period preceding each discrete AN presentation, the average level of activity and the average absolute point-to-point difference in activity were calculated. Each of the discrete presentations of the AN was classified into a category according to the subject's response to the AN presentation: (a) no response, (b) mouthing without grasping, or (c) oral grasping.
The results from multiple presentations for a given subject were averaged within a category before the data were analyzed. Three fetuses had fewer than two instances of one or more of the categories and therefore were not used in the analyses, resulting in a sample size of 11. Separate within-subject analyses of variance were used to compare level of overall activity and absolute point-to-point difference in activity during the 30-s period preceding AN presentation according to the subject's response to the AN. The length of the prestimulus period (30 s) was too short to justify spectral analysis.
Results
The average length of the session in Experiment 2 was 27.9 _ 1.1 min. The proportion of AN presentations that elicited grasping did not differ between the first and second halves of the experimental session (.27 _ .04 vs..20 __+ .05), t(10) = 1.28, p = .23, nor did the proportion of AN presentations that elicited mouthing (.51 --+ .05 vs..41 ---.05), t(10) = 1.67,p = .13.
Analysis of variance revealed that the level of activity differed according to the behavioral response that followed, F(2, 20) = 6.94, p = .005. Activity level was greater before presentations that evoked mouthing (68.1 + 6.0) and grasping (75.0 ---6.5) than before presentations that evoked no response (59.7 +--5.4): mouthing versus no response, t(10) = 2.19, p = .05, and grasping versus no response, t(10) = 3.44, p = .006. The level of activity before presentations that elicited mouthing did not differ from the level of activity before presentations that elicited grasping, t(10) = 1.71,p = .12.
The absolute point-to-point difference in activity also differed according to the behavioral response that followed, F(2, 20) = 8.66, p = .002. The absolute point-to-point differences preceding AN presentations that elicited mouthing (42.8 _+ 4.5) or grasping (48.8 _ 5.2) were greater than the absolute point-to-point difference preceding AN presentations that did not evoke mouthing or grasping (36.8 ---4.1), t(10) = 2.21, p = .05, and t(10) = 3.59, p = .005, respectively: Furthermore, the absolute point-to-point difference in activity preceding AN presentations that evoked grasping was greater than the absolute point-to-point difference in activity preceding AN presentations that evoked only mouthing, t(10) = 2.37,p = .039.
Because the 30-s periods could also be grouped according to the behavioral category that they followed (rather than that which they preceded), the analyses were repeated with the 30-s periods grouped by the behavioral response that occurred during the preceding AN presentation. Grouped this way, neither the level nor the absolute point-to-point difference in activity differed according to behavioral category, F(2, 20) = 0.50, p = .61, and F(2, 20) = 0.47, p = .63, respectively.
Discussion
The results of Experiment 2 demonstrate that the type of behavioral response elicited by the AN differed according to the level and absolute point-to-point difference in activity during the 30 s preceding discrete presentation of the AN. Oral grasping and mouthing of the AN were preceded by higher levels of activity relative to AN presentations that resulted in no response. Oral grasping of the AN was preceded by greater variability in activity relative to presentations that resulted in mouthing; in turn, this latter variability was greater than the variability preceding presentations that resulted in no response. However, the level and variabil- ity in activity did not differ according to the preceding behavioral response. Collectively, the results from Experiment 2 suggest that mouthing and grasping responses evoked by an AN are facilitated by an increased level of overall activity during the preceding 30 s and that the progression from mouthing to oral grasping is further facilitated by increased short-term variability in prestimulus activity.
General Discussion
Continuous presentation of an AN results in higher amplitude motor activity with faster fluctuations. The incidence of mouthing and grasping evoked by the AN cannot directly account for the changes apparent in overall activity of fetuses continuously exposed to the AN. When fetuses are exposed to discrete presentations of the AN, the nature of the response depends on the characteristics of overall activity during the period preceding stimulus presentation. Higher levels of overall activity preceding AN presentation appear to facilitate the expression of both mouthing and oral grasping behavior. Mouthing and, to a greater degree, oral grasping appear to be facilitated by variability in preceding overall activity.
It has been suggested that behavioral organization in the fetus emerges from interactions between simple, independent motor elements resulting in discernible movement patterns . Although behavioral organization is present in spontaneous fetal motor activity, there are numerous examples of experimental presentations of sensory stimuli to the fetus that enhance fetal behavioral organization and result in the expression of highly coordinated action patterns (e.g., Browne, Robinson, & Smotherman, 1994; Robinson et al., 1992; Robinson & Smotherman, 1992a Smotherman, Arnold, & Robinson, 1993; Smotherman & Robinson, 1987a) . By promoting changes in overall motor activity, the presentation of an appropriate stimulus may lead to more interactions between independent motor elements and thereby facilitate the expression of specific action patterns (Robinson & Smotherman, 1992a) .
In the present experiments, the increase in behavioral activation, characterized by an increase in both the level and variability of overall activity, may have potentiated mouthing in response to stimulation of the perioral region by the AN. Mouthing, in turn, permits grasping to occur, so the increase in grasping after periods of increased behavioral activation is not unexpected. However, mouthing and oral grasping were distinguished by the variability in overall activity during the 30 s preceding presentation of the stimulus but not by the level of overall activity. Increased variability, as measured in this experiment, reflects the temporal clustering of behavioral activation on a short time scale. These conditions, more than general activation, may have facilitated the coordination of mouthing, head movements, and other components of grasping (Robinson et al., 1992) in response to the perioral stimulation provided by the AN.
Results from both Experiment 1 and Experiment 2 implicate variability as an important property of motor activity in characterizing the changes brought about by AN stimulation and in characterizing the periods of activity preceding presentations that resulted in grasping. Although variability has traditionally been considered as a measure of noise or error with little or no functional significance, the notion that variability may be an important component of behavioral expression is gaining support in a dynamic approach to understanding behavior and development (e.g., Thelen & Smith, 1994) . Variability may be both a manifestation of instability near a transition and the process by which behavioral reorganization is accomplished. Increased variability in overall motor activity may reflect a condition of behavioral instability during which an appropriate stimulus (such as a nipple for the rat) can trigger behavioral reorganization and the expression of specific motor patterns (such as mouthing). Furthermore, the clustering of behavioral activation on short time scales, reflected in high-amplitude, short-term fluctuations, may facilitate the coordination of the components of more complex motor patterns (such as oral grasping). Thus, variability in the activation of a developing motor system on a scale of seconds may allow for the emergence of complex movement patterns during behavioral ontogeny.
